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Abstract: α-Fe2O3 and α-Cr2O3 has been mechanical alloyed to prepare Fe1-xCrxO3 oxides for 
x = 0.2-0.8. Synchrotron X-ray diffraction and Raman spectra have shown inhomogeneous 
structure of α-Fe2O3 and α-Cr2O3 phases in as-alloyed samples. The as-alloyed samples have 
shown soft ferromagnetic properties with signature of two Morin transitions. The heat 
treatment of as-alloyed samples has homogenized structure and successfully incorporated the 
Cr atoms into the lattice sites of Fe atoms in α-Fe2O3. The magnetic and electrical properties 
have been modified in the heat treated samples. For example, canted antiferromagnetic order 
has been appeared as an effect of heat treatment, irrespective of the Cr content in Fe1-xCrxO3. 
The magnetic field induced spin flop transition has been observed at a critical magnetic field 
that depends on Cr content in the system. The Mössbauer spectrum at room temperature has 
been fitted with two sextets. The variation of Mössbauer parameters suggest a distribution of 
magnetic spin order between Fe and Cr ions in the rhombohedral structure of Fe1-xCrxO3. The 
electrical conductivity, derived from current-voltage characteristics of the heat treated 
samples, has been enhanced by increasing Cr content in -Fe2O3 structure. The experimental 
results have been explained based on the theoretical models available in literature. 
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1. Introduction 
The solid solution of -Fe2O3 and α-Cr2O3 oxides has drawn a lot of theoretical and 
experimental interest for the development of new magnetic semiconductor oxides with  novel 
magnetic, electronic, optical, and magneto-electronic properties [1-5]. The -Cr2O3 (chromia) 
and -Fe2O3 (hematite) are isomorphs of corundum structured (space group R3  ) -A12O3 
(alumina). The metal ions are located at either slightly above or below of the rhombohedral 
planes. The metal ions (Fe3+/Cr3+) randomly occupy Al3+ sites in corundum (rhombohedral) 
structure and alternating layers of metal ions are separated by the layers of oxygen (O2-) ions 
along c (001)-axis [6-8]. Despite identical lattice structure, magnetic structure in α-Fe2O3 and 
Cr2O3 is different. α-Fe2O3 is a typical canted antiferromagnet (CAFM) in the temperature 
range 960 K (Neel temperature TN) to Morin transition (a first-order magnetic transition) at 
TM ~ 260 K, below which bulk α-Fe2O3 behaves as uniaxial antiferromagnet AFM [1]. In the 
CAFM state, spin moment of Fe3+ ions form in-plane ferromagnetic (FM) order and inter-
planes antiferromagnetic (AFM) order with small canting due to anisotropic Dzyaloshinskii-
Moriya interactions. Below TM, the spins in bulk α-Fe2O3 are oriented along (001) axis (out 
of plane). The magnetic properties of bulk Cr2O3 are significantly different, where magnetic 
spin order is highly magnetic field sensitive below its TN at 308 K [9]. In the absence of 
external magnetic field, Cr3+ spins form AFM order along (001) direction with a sequence of 
up (+) and down (-) order + − + −. In the presence of magnetic field, the spins of Cr3+ ions 
flop along in-plane direction at a typical field value of 6 Tesla, which is slightly less than the 
spin-flop field of 6.75 Tesla for bulk α-Fe2O3 [9]. The Morin transition is absent in α-Cr2O3. 
The alloying of -Fe2O3 and α-Cr2O3 oxides, thus, exhibited unusual magnetic properties [4-
5, 10-11]. However, application of α-Fe2O3 in electronic devices is limited due to low charge 
carrier density, low carrier mobility, and high electron–hole recombination rate [12]. Various 
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theoretical models have been proposed to enhance electronic charge transport in α-Fe2O3 
system by metal doping [6-7] and these theoretical models need experimental evidences.  
The experimental work on modified magnetic spin order and electronic conductivity 
in the alloy of -Fe2O3 and α-Cr2O3 oxides has not been reported much. A detailed study of 
the structure, magnetic, and electronic properties of α-Fe2-xCrxO3 system for a wide range of 
Cr content at different stages of their preparation using mechanical alloying and heat 
treatment has been presented in this work. Attempt has been made to establish a correlation 
between structure and properties by using the results of Synchrotron X-ray diffraction, 
magnetization, Mössbauer spectroscopy and electrical conductivity measurements. 
2. Experimental   
2.1 Sample preparation 
The Cr doped hematite system Fe1-xCrxO3 (x = 0.2-0.8) was prepared by mechanical 
alloying of the stoichiometric amounts of α-Fe2O3 and α-Cr2O3 powders for 80 h in air using 
FRITISCH (Pulverisette 6, Germany) planetary mono miller. The stainless steel balls ( 10 
mm) were used for alloying process. The material to ball mass ratio was maintained at 1:5. 
The mechanical alloying was intermediately stopped for mixing and better homogenization of 
the product. The alloyed material was pressed into pellets (ASP), which were heated at 800 
C (for one composition) and 1000 C (for all compositions) in air for 12 h. The as-alloyed 
samples of Fe1-xCrxO3 were denoted as FeCr2MA, FeCr4MA, FeCr5MA, FeCr6MA, and 
FeCr2MA for x = 0.2, 0.4, 0.5, 0.6, and 0.8, respectively. The heat treated samples at 1000 C 
(A10 samples) were denoted as FeCr2MA10, FeCr4MA10, FeCr5MA10, FeCr6MA10, and 
FeCr8MA10 for x = 0.2, 0.4, 0.5, 0.6, and 0.8, respectively. 
2.2 Sample characterization and measurements 
Lattice structure of the samples has been studied by recording high quality synchrotron 
X-ray diffraction (SXRD) patterns at room temperature. The SXRD patterns were recorded at 
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angle dispersive x-ray diffraction (ADXRD) beam line (BL-12) at Indus-2 synchrotron 
source, RRCAT, India using an image plate (MAR 345) area detector. The wave length ( = 
0.79923 Å) and the sample to detector distance were accurately calibrated by performing 
XRD on LaB6 NIST standard using same set up. Raman spectra of the samples were recorded 
in the wave number range 100–1000 cm-1 using microscope (Renishaw, UK). The dc 
magnetization in the temperature range 10-350 K was measured using physical properties 
measurement system (PPMS-EC2, Quantum Design, USA).The temperature dependence of 
magnetization (M (T)) curves were measured following conventional zero field cooled (ZFC) 
and field cooled (FC) modes. In ZFC mode, the sample was cooled in the absence of external 
magnetic field from room temperature (~ 300 K) to 10 K and MZFC(T) curve was recorded 
in the presence of an applied magnetic field during increase of the sample temperature up to 
350 K. After reaching the temperature at 350 K, the sample was field cooled (using same 
field as used in MZFC(T) measurement) down to 10 K and MFC(T) curve was recorded 
during increase of the sample temperature up to 350 K. The magnetic field dependent 
magnetization (M(H)) curves were recorded within field range of 0 to ± 70 kOe.57Fe 
Mössbauer measurements were carried out in transmission mode with a 57Co (Rh matrix) 
radio-active source in constant acceleration mode using a standard PC-based spectrometer. 
The spectrometer was calibrated with natural Fe foil at room temperature. The Mössbauer 
spectra were analysed with NORMOS-DIST/SITE program for the estimation of spectral 
parameters. The High Resistance Meter (Keithley 6517B) was used to study the current vs. 
voltage (I-V) characteristics of the samples at room temperature. This meter provides a 
precise voltage and current sourcing and measurements for high resistive materials. The I-V 
characteristics were measured by sandwiching the disc shaped ( 10-12 mm, thickness 0.5-
1.2 mm) samples between Pt electrodes using a home-made sample holder to make a Pt/M/Pt 
structure (M: material). The bias voltage was swept within 200 V with step size 1 V.  
5 
 
3. Results and discussion 
3.1 Structural properties  
Fig.1 shows SXRD patterns of the as-alloyed (without post heat treatment) samples. 
The patterns are consistent to rhombohedral (corundum) structure and splitting of the peaks 
shows incomplete alloying of the α-Fe2O3 and α-Cr2O3 phases. The peak component at higher 
2θ corresponds at α-Cr2O3 phase (smaller lattice constant) and peak component at lower 2θ 
corresponds to α-Fe2O3 phase (higher lattice constant) [4]. The decrease of peak intensity for 
α-Fe2O3 phase is accompanying with an increasing peak intensity of α-Cr2O3 phase when Cr 
content increases in the composition. The SXRD patterns (Fig. 2) of A10 samples (heated at 
1000 C) show single phased corundum structure. Structural refinement was performed by 
assigning metal atoms and oxygen atoms in 12c and 18e Wyckoff positions, respectively. The 
SXRD patterns was fitted by adopting Rhombohedral structure with space group D  
   (R3 c), 
where metal (Fe/Cr) and O atom occupy the positions (0, 0, zM) and (xO, 0, 
 
 
), respectively 
[13]. The structural refinement started with initial parameters values ZM = 0.35 and XO = 0.31. 
Table 1 and Table 2 show the fit parameters (atomic positions, cell parameters, crystallite size 
and phase fraction) for the as-alloyed and (1000 0C) heat treated samples, respectively. The 
positional parameters have shown a considerable change on increasing the Cr content (x) in 
the Fe1-xCrxO3 system. The ZFe (for Fe atoms) and ZCr (for Cr atoms) values are found smaller 
than the value 0.35498 used for pure α-Fe2O3 [13]. For as-alloyed samples, ZCr values are 
relatively smaller (due to smaller cation size) in comparison to the values of ZFe. The ZFe 
values are nearly unchanged for the Cr content x = 0.2 to 0.5 and rapidly decreased for x  
0.6. The ZCr showed a gradual decrease with the increase of x. The position parameter of 
Oxygen atom (XO) is relatively larger in the α-Fe2O3 phase and decreased linearly (within 
error bar), except a noticeable decrease for x = 0.6. The XO values in α-Cr2O3 phase are 
relatively smaller, but it increased with the increase of Cr content in the system. In the heat 
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treated samples, ZFe values linearly decreased on increasing the Cr content and XO values also 
decreased with a noticeably small value for x = 0.5. The lattice parameter (a) of the as-
alloyed materials decreased in both the phases (a: 5.0384 Å to 5.0171 Å for α-Fe2O3 phase 
and 4.9641 Å to 4.9456 Å for α-Cr2O3 phase). The cell volume in both the phases decreased 
rapidly for x up to 0.5 and thereafter, changes are minor. The fraction of α-Fe2O3 phase 
decreases by increasing the α-Cr2O3 phase in the as-alloyed material, except an intermediate 
increase of α-Fe2O3 phase at x = 0.6 when x value increases from 0.2 to 0.8. In case of the 
(1000 0C) heat treated samples, the structural parameters are stabilized with smaller 2 values 
(1.3-2.8). The ZFe values and cell parameters (including c/a ratio) systematically decreased on 
increasing the Cr content in the system. This is consistent to the substitution of Fe3+ ions with 
larger ionic radius (0.645 Å) by Cr3+ ions with smaller ionic radius (0.615 Å) [6, 14-15]. The 
c/a ratio lie in the range of Ga doped α-Fe2O3 system [16]. The XO also decreased, except a 
noticeable reduction for the composition x = 0.5. This is related to structural disorder due to 
composition variation [17-18]. Crystalline size ( 30-35 nm) of the heat treated samples was 
calculated using Debye-Scherrer formula). It is not much composition dependent for the 
samples with identical heat treatment. 
Fig.3 (a-f) represents Raman spectra of the as-alloyed and heat treated (A10) samples. 
The extra phase ( marked) in as-alloyed samples appeared due to non-reacted Cr2O3  phase 
[19]. The absence of any extra phase for A10 samples confirms a complete solid solution of 
Cr2O3 and α-Fe2O3 phases [20-21]. Raman spectra of A10 samples with six phonon modes 
(one A1g mode, four Eg modes and one Raman inactive Eu mode) suggest rhombohedral 
structured Cr doped α-Fe2O3 system [5]. Table 3 shows the band positions in A10 samples. 
An additional peak at 665-670 cm-1 in the spectra of Fe1-xCrxO3 samples with respect to the 
spectrum of α-Fe2O3 [20] and α-Cr2O3 [22] suggest a modified spin-lattice structure. The band 
(peak) position (within simple harmonic approximation) obeys the equation v =  
 
   
 
    
    
. 
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The peak position( v) in Raman spectrum depends the spring constant (kM-O) of metal-oxygen 
bond (M-O) with length r    and μ   is effective mass. The spring constant (kM-O), being 
second order derivative of the coulomb potential (V(rMO)), is proportion to 
 
   
   . The bond 
length (rM–O) is expected to be less by doping of Cr
3+ ions and supported from the decrease of 
cell parameters. Hence, spring constant (kM-O) is expected to increase with the increase of Cr 
content and it is to reflect in band shift. However, Table 3 shows shift of the band positions to 
lower values, except the Eg(5) band whose position increases on increasing Cr content. The  
bands carry information about its internal structural changes. Especially the band position at 
lower frequencies (Eg(1), Eg(3), Eg(4)) represent symmetric stretching of O atoms relative to 
metal (M) atoms in the in-planes and the A1g band correlates the movement of cations along 
out of plane direction of the Rhombohedral structure [5, 16]. The IR-active Eu(LO) band is 
theoretically forbidden. It reflects local lattice disorder and internal strain in the system. The 
decrease of Eu(LO) band position indicates an adjustment of Fe-O and Cr-O bonds along in-
plane and out of plane directions to reduce lattice disorder in the Cr doped α-Fe2O3 system.  
3.2 dc magnetization 
Fig. 4 (a-e) shows the temperature dependence of low field (100 Oe) magnetization 
curves for the as-alloyed samples. A divergence between MZFC(T) (black box symbol) and 
MFC(T) (red circle symbol) curves is noted for all samples below the highest measurement 
temperature 350 K. The features of M(T) curves in the as-alloyed samples of Fe2-xCrxO3 are 
drastically different from that in mechanical milled α-Fe2O3 [23] and α-Cr2O3 [24], and 
chemical routed Cr doped α-Fe2O3 samples [5]. The M(T) curves of the as-alloyed samples 
do not show a strong signature of Morin transition as observed at 260 K in bulk α-Fe2O3 [23]. 
However, prominent slope change in M(T) curves at about 60 K and 300 K (marked by 
vertical lines) indicated weak features of the Morin transitions in as-alloyed samples. It is 
comparable to the features of Ga doped α-Fe2O3 system [20]. The temperature dependence of 
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MZFC curves (Fig. 4(f)), normalized (at 300 K) MFC curves (Fig. 4(g)), difference (M) 
between MFC and MZFC curves (Fig. 4(h)), and temperature derivative of the M curves 
(Fig. 4(i)) are plotted to clarify the changes in M(T) curves. The normalized MFC curves 
showed two local minima correspond to the slope changes in MZFC curves and an 
intermediate broad maximum that ended with a distinct kink in the MFC curves at about 100 
K. This shows formation of some meta-stable magnetic states during field cooling process. 
Although ΔM (T) curves do not provide good information for existence of Morin transitions, 
but temperature derivative of the ΔM curves showed shoulders near to the Morin transitions 
that marked in MZFC (T) curves.  
The low field (100 Oe) MZFC(T) and MFC(T) curves (Fig.5(a-e)) of the heat (1000 
0C) treated samples showed the features, which are different from as-alloyed samples. The 
signature of Morin transition is seen at ~ 247 K in the MZFC(T) curve of FeCr2MA10 
sample and a weak signature is noted at about 245 K for FeCr4MA10 sample. MFC(T) curve 
of the FeCr2MA10 sample showed a high magnetic state below the Morin transition and the 
character is different from the features of high Cr doped samples. The separation between 
MZFC and MFC curves, which extended down to 10 K, also decreases on increasing the Cr 
content. The magnetization up turn below 100 K represents the effect of frustrated surface 
spins in AFM nanoparticles [25]. The MZFC(T) curves at different magnetic fields were 
measured for the samples FeCr2MA10 (Fig. 5(f)) and FeCr5MA10 (Fig. 5(g)). The M(T) 
curves were normalized by its value at 350 K. There is no signature of Morin transition at the 
higher magnetic fields for the FeCr2MA10 sample. In fact, Morin transition in α-Fe2O3 arises 
due to a competition between magnetic dipolar anisotropy (K  ) among magnetic Fe
3+ ions 
(which controls in-plane spin order above TM) and the single ion anisotropy (K  ) from higher 
orders spin-orbit coupling of Fe3+ ion (which controls the out of plane spin orientation at 
temperatures below TM) [1, 20]. The anisotropy in α-Cr2O3 is minor due to cancellation of the 
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opposite signed and nearly equal strength of dipolar contribution (KD) and crystal field 
contribution (Kx). Hence, suppression of TM is expected in single phased Fe2-xCrxO3 system at 
higher Cr content. On the other hand, a kink (magnetic field independent) appeared at ~ 51 K 
and 55 K for FeCr2MA10 and FeCr5MA10 samples, respectively. Such low temperature 
magnetic anomaly is attributed to freezing of a fraction of surface spins in AFM nanoparticles 
[9, 22]. The normalized MZFC(T) curves for FeCr2MA10 sample showed a minor increment 
by increasing the field up to 2 kOe. This indicates a strong AFM spin order [23]. On the other 
hand, MZFC(T) curves of FeCr5MA10 sample are appreciably changed at higher fields and it 
can be attributed to the field sensitive flipping of Cr3+ spins [9].  
The M(H) curves are measured to understand the field induced spin order/spin flop 
transition in the samples. M(H) curves of the as-alloyed samples (Fig.6 (a-e)) show soft FM 
character at all measurement temperatures (10 K-350 K). The existence of small loop and 
magnetic irreversibility with lack of magnetic saturation for field up to 70 kOe is clarified in 
the insets of Fig. 6(a-e). The M(H) curves at different temperatures appeared to overlap in the 
full scale of magnetic field, but the difference is shown in the inset of Fig. 6(c) between M(H) 
curves at 10 K and 300 K. The It is noted that the magnetic field below which M(H) loop at 
10 K showed irreversibility increases for increasing the Cr content x from 0.2 to 0.5 and 
again decreases on further increase of x up to 0.8. The M(H) loop at 10 K for x = 0.5 is not 
closed for field up to 70 kOe. The exchange bias effect in as-alloyed samples is studied by 
measurement of FC-M(H) loops (Fig. 6 (f-h)) at 10 K after field cooling the samples from 
300 K under 70 kOe. The FC-M(H) loop of the samples showed a shift along negative field 
direction with respect to ZFC loop. The exchange bias field (Hexb =   
   −   
   ), i.e., shift of 
the center of FC (  
   = (   
   +    
  )/2) loop with respect to the center of ZFC loop 
(  
    = (   
    +    
   )/2)), was found to be - 58 Oe for FeCr2MA, - 78 Oe for FeCr4MA, 
and -94 Oe for FeCr8MA samples. At the same time, remanent magnetization showed a shift 
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(Mexb =   
   −   
   ) along positive direction by the amount + 0.282 emu/g, + 0.154 emu/g, 
and + 0.0869 emu/g for FeCr2MA, FeCr4MA, and FeCr8MA samples, respectively. A 
comparative M(H) curves (Fig. 7 (a-c)) at temperatures 10 K, 200 K and 300 K for the 
composition Fe1.5Cr0.5O3 has shown that magnetic moment and FM order of as-alloyed (ASP) 
sample are reduced in heat treated samples. The M(H) loop is widened in the heat treated 
samples in comparison to a rod shaped narrow loop in the as-alloyed sample. Magnetic 
features of the heat treated samples are identical, although A8h12 sample (heated at 800 0C) 
showed slightly higher moment and loop area in comparison to the A10h12 sample (heated at 
1000 0C). This is clarified in Fig. 7(c). FC-M(H) loop of the A10h12 sample at 10 K also 
showed exchange bias shift with respect to the ZFC loop (Fig. 7(d)). The shift values are Hexb 
 -128.6 Oe and Mexb  + 0.00257 emu/g). The exchange bias effect in Fe-Chromia phase 
was modelled [29] as the magnetic exchange coupling between AFM core of α-Cr2O3 and 
ferrimagnetic shell of α-Fe0.40Cr1.60O2.92. The observation of exchange bias effect in our as-
alloyed and heat treated samples, despite of having different magnetic features, can be 
attributed to magnetic coupling at the interfaces with different spin order and strength of 
AFM and FM interactions. It can be of core-shell structure or non-uniform distribution of Cr 
and Fe moments in the Rhombohedral planes [5, 25-28]. In Fig. 8, we have compared the 
temperature variation of magnetic field parameters at different stages of material preparation 
for the composition Fe1.5Cr0.5O3. The unusual feature is the shift of ZFC loop (Hexb
ZFC ≠ 0, 
Mexb
ZFC ≠ 0) for all the samples (without any pre-field cooling process) with reference to the 
origin of M-H plane at all measurement temperatures. Such shift in the ZFC-M(H) loop  
could be attributed to magnetic modulation of the FM and AFM exchange interactions at the 
interfaces of Cr doped hematite system [29] and noted in Ti doped α-Fe2O3 [30]. It is noted 
that the Hexb
ZFC in ASP sample is less temperature dependent (10K-350 K) and the values 
varied within + 5 Oe to +15 Oe. On the other hand, Hexb
ZFC values are relatively large and 
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negative at low temperatures (Hexb
ZFC  - 330 Oe for A8h12 sample and - 837 Oe for A10h12 
sample at 10 K) that approaches to the zero value (for A10h12 sample) or crosses to positive 
value (for A8h12 sample) on increasing the temperature to 300 K and above. Interestingly, 
HC of the ASP sample was found in the 270-500 Oe and it decreased at higher temperatures 
(a typical signature of temperature activated decrease of FM order) in contrast to an increase 
of coercivity with temperature in heat treated samples (a typical feature of increasing canted 
FM order). The coercivity (HC) is much enhanced in the material by heat treatment and it is 
the largest (3380-3920 Oe) for A8h12 sample. MR of the samples showed temperature 
dependent behaviour, similar to that for HC. The exchange bias shift of remanent 
magnetization (Mexb
ZFC) is positive (i.e., shift of the ZFC loop is along positive magnetization 
axis) for all these three samples. The magnitude of Mexb
ZFC is small and nearly temperature 
independent for ASP sample, where as Mexb
ZFC is appreciably large for the heat treated 
samples and it is decreased on increasing the temperature from 10 K to 350 K. The greater 
exchange bias shift in heat treated sample than the as-alloyed sample suggests increasing 
AFM interactions that enhanced cooling field induced interfacial coupling between FM and 
AFM layers [28]. 
The increase of AFM interactions with the increase of Cr contentment in heat treated 
(1000 0C) samples can be realized from decreasing area of the M(H) loop at 300 K (Fig. 9 (a-
e)). M(H) loop of the FeCr2MA10 sample shows features of a typical CAFM, whereas the 
features of M(H) loop in FeCr8MA10 sample are comparable to that in AFM  nanoparticles 
of Cr2O3 [9]. A systematic change of magnetic spin order in A10 samples with increasing Cr 
content has been understood by analysing the initial M(H) curves (H: 0-70 kOe). The M(H) 
curves at 10 K (Fig. 9(f-j)) have shown a non-conventional increment of magnetization (up 
curvature at lower fields and a linear/down curvature increase at higher fields). The 
difference in magnetic spin order from low field regime to high field regime (spin flop 
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transition) is reflected in the field derivative of magnetization (dM/dH) curves (blue colour 
curves in Fig. 9(f-j)). The peak position of dM/dH vs. H curves represents spin flop field (Hsf) 
and it confirms a changing spin order from second order to first order in corundum structured 
AFM oxides [31-32]. The Arrott plot 
 
 
=     +   of the M(H) curves (presented by M2 vs. 
H/M curves in Fig.9 (k-o)) is a powerful technique to distinguish first-order phase transition 
from second order phase transition below Curie point (TC) of a FM [33-34]. According to 
Banerjee criterion [34-35],   is positive for second-order and negative for first order phase 
transition. An extrapolation of the linear or polynomial fit of the high field M2 vs. H/M curve 
on the positive value of M2 axis at H/M = 0 corresponds to MS
2(T). The M2 vs. H/M plot 
showed an upward curvature with positive slope ( ) at lower fields for FeCr2MA10 sample 
and the slope transforms into negative value for the samples with higher Cr content. In the 
present material, first order magnetic transition is possible due to a local distortion in lattice 
structure by coupling with spin order. The Raman active band at about 665-670 cm-1 suggests 
a strong spin-lattice coupling in the CAFM phase of metal doped α-Fe2O3 systems [5, 16, 20]. 
A change of slope values in the Arrot plot implies a change in the ratio of AFM and FM 
interactions, where FM order dominates for the samples at low Cr content and AFM order of 
Cr spins dominates for the samples at high Cr content.  
Now, we summarize the magnetic parameters calculated from M(H) curves of the as-
alloyed samples (Fig. 10(a-b)) and heat treated (A10) samples (Fig. 10(c-f)). The variation of 
coercivity (HC) for as-alloyed samples is a bit scattered due to heterogeneity in structural 
phase of the samples. The scattering is observed mostly for the intermediate compositions x = 
0.4-0.6. Roughly, coercivity (HC) at selected temperatures showed an increasing trend on 
increasing Cr content in the as-alloyed samples. The remanent magnetization (MR) decreased 
(Fig. 10(b)) with the increase of Cr content in the as-alloyed samples, despite an intermediate 
fluctuation for the composition at x = 0.5. Both HC and MR have shown a general decreasing 
13 
 
trend with the increase of measurement temperature from 10 K to 300 K. This behaviour is in 
contrast to the increase of HC (Fig. 10(c)) and MR (Fig. 10(d)) in A10 samples on increasing 
the measurement temperature (10 K -300 K). However, HC and MR both decreased with the 
increase of Cr content in A10 samples. This indicates an increasing AFM spin order in the Cr 
doped hematite system. At the same time, FM component increases in the CAFM state as the 
measurement temperature increases from 10 K to 300 K and above. It can be understood from 
the variation of spontaneous magnetization (MS) in FeCr2MA10 and FeCr4MA10 samples 
(Fig. 10(e)), where a competitive magnetic spin order between the low temperature surface 
spin order and high temperature CAFM spin order is observed in the temperature range 100 
K-150 K. The spin flop field (Hsf), an important parameter for changing magnetic spin order 
from low magnetic state (AFM) to high magnetic state (CAFM), varied on the variation of 
both Cr content and measurement temperature of the A10 samples (Fig. 10(f)). The Hsf at 10 
K shifts to higher values for the increase of Cr content in the material and the values are 
comparable to that reported for Cr2O3 system [36]. The Hsf values are temperature dependent 
and showed a general decreasing trend with increase of measurement temperature. A non-
monotonic increase of the Hsf was noted for the samples (FeCr2MA10 and FeCr5MA10) with 
intermediate composition, which exhibited higher values in the temperature range 150-200 K.  
3.3 Mössbauer spectra 
Fig. 11 presents Mössbauer spectra of the as-alloyed (ASP) and heat treated at 1000 
0C (A10) samples. All the samples showed six-finger spectrum and fitted by Lorentzian 
shaped pattern with line intensity ratio 3:2:1:1:2:3. The spectral line parameters (Line width 
(Γ), Isomer shift (IS), Quadrupole splitting (QS), Hyperfine field (Bhf), and Area (%) of 
sextets) for different samples are shown in Table 4. The spectrum of FeCr2MA10 sample 
(low Cr content) is fitted with a single sextet with Bhf  48.25 Tesla, QS  -0.20 mm/s and 
IS 0.36 mm/s. These values are closely matched with hematite structure [8, 20]. The spectra 
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for ASP and rest of the A10 samples matched with two sextet components. The Mössbauer 
spectra fitted with two sextets with different Bhf shows a non-uniform distribution of Cr and 
Fe spins in the lattice structure. The first sextet with higher values of Bhf (50-51 Tesla) is 
attributed to Fe sites with less number of low magnetic Cr ions as nearest neighbours and the 
second sextet with smaller Bhf ( 47-49 Tesla) corresponds to Fe sites with more number of 
Cr ions as nearest neighbours [5, 8, 10]. Such distribution of Fe and Cr ions in Cr doped α-
Fe2O3 system suggests the formation of Fe rich and Cr rich environments in rhombohedral 
structure [20, 37]. The structural heterogeneity may also arise due to core-shell type spin 
structure in nano-crystallites particles [25, 29]. The Bhf values of both the components are 
nearly unaffected by the variation of Cr content in as-alloyed samples and also for A10 
samples. The variation of hyperfine field (magnetic interactions) at Fe sites on increasing the 
Cr content is not consistent to a monotonic decrease of the dc magnetization in the system. 
The Mössbauer spectra provide evidence of long ranged spin order at Fe sites (microscopic 
level) and it does not differentiate much after metal doping in hematite structure [20]. On the 
other hand, dc magnetization provides an average bulk (macroscopic) value of the magnetic 
and non-magnetic environments in the material. In case of ASP samples, relative area of the 
first sextet decreases by increasing the area of second sextet with the increase of Cr content. 
In case of A10 sample, relative area of the first (second) sextet initially decreases (increases) 
on increasing the Cr content up to x = 0.5 and then increases (decreases) on further increase 
of the Cr content within the limit of reasonably good 2 values. The line width values in our 
Cr-Fe oxide samples are found wider than that in the spectrum of bulk α-Fe2O3 [37]. The line 
width does not vary monotonically with the increase of Cr content in the system. This shows 
introduction of magnetic disorder α-Fe2O3 structure after doping of Cr atoms. Another 
important parameters, IS and QS, are useful to understand the changes of electronic charge 
environment in the material. The isomer shift (IS) arises due to variation of the charge density 
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of s-electrons at the environment of probed Nucleus with respect to source of -radiation. The 
Quadrupole splitting (QS) represents the interaction between energy levels of the probed 
nucleus and surrounding electric field gradient produced by a non-spherical (asymmetric) 
electronic charge distribution in the nucleus. The negative value of QS indicates the flattening 
of nucleus along the spin axis. The IS and QS values are found in the range 0.36-0.38 and -
0.18 to -0.25 mm/s, respectively. There are some changes in the values of IS and QS with the 
variation of Cr content in the samples. Especially, IS values correspond to second sextet of 
the A10 samples systematically decreased from 0.40 to 0.36 mm/s with the increase of Cr 
content from 0.4 to 0.8. The IS and QS values in the present samples are within the reported 
values for nanostructured α-Fe2O3 and Cr doped α-Fe2O3 systems with average +3 charge 
state of Fe3+ ions [1]. Subsequently, charge state of the Cr ions is assumed to +3 charge state 
to maintain total charge neutrality in the samples [36]. The IS and QS values for Fe2+ charge 
state are relatively larger [38]. This is due to the fact that shielding effect of d electrons on the 
s-electrons at the environment of Nucleus is less for the Fe3+ ions (3d5) in comparison to that 
for the Fe2+ ions (3d6). However, there is a possibility of fractional (0 ≤ δ ≤ 1) electronic 
charge transfer between Fe (Fe(3-δ)+Fe(3+δ)+) and Cr (Cr(3+δ)+  Cr(3-δ)+) ions through Fe3+-
O2- -Fe3+, Cr3+-O2- -Cr3+ and Fe3+-O2-- Cr3+ superexchange paths in the Cr doped α-Fe2O3 
structure. It will be understood using electrical conductivity of the samples.  
3.4 Electrical conductivity  
Electrical conductivity of the as-alloyed samples is not measured in order to avoid 
additional heterogeneity effect, especially the effect of bi-phased structure. Electrical field 
(E) dependence of current density (J) of the 1000 0C heat treated (A10) samples have been 
recorded by sweeping bias voltage within ± 200 V. The J-E curves (Fig. 12 (a)) showed non-
linear behaviour and break down voltage of the samples appears to be high. Such materials 
could be useful in high power devices [39]. The non-linear I-V feature is clarified in the inset 
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of Fig. 12(a) with current density (J) in log scale. The current density (J) at a specific electric 
field increases on increasing the Cr content in Fe2O3 system. The electrical conductivity () 
has been calculated by applying the formula J = E for electric field at 50 kV/m, 100 kV/m 
and 150 kV/m. Electrical conductivity in Fig. 12(b) has shown a rapid increase by increasing 
the Cr content. Many factors during alloying of the metal oxides, e.g., composition, structural 
heterogeneity and intrinsic defects, can control the electrical properties. Especially, the role 
of defects has been given highlighted for tuning magnetic and electrical properties in α-Fe2O3 
[40] and α-Cr2O3 [41-42] and α-Fe2-xCrxO3 [43]. Based on electron transfer theory, Iordanova 
et al. [40-41] modelled electronic charge transport in α-M2O3 (M = Fe, Cr) as the alternation 
of valence state of the metal (M) ions via oxygen bridges (superexchange paths, as mentioned 
earlier), viz., M3+ + e  M2+ (electron transfer) or M3+ + h  M4+ (hole transfer). The 
calculations showed that hole mobility in α-Cr2O3 is more than three orders of magnitude 
larger than the electron mobility in and out of (001) plane directions. In contrast, three orders 
of magnitude anisotropy in both electron and hole mobility was found between in and out of 
(001) plane directions of α-Fe2O3. The low conductivity along (001) direction was attributed 
to hole transfer by Fe3+ + h  Fe4+ process. The difference of charge mobility in and out of 
(001) plane direction arises from internal reorganization energy for electron-transport relative 
to hole-transport processes. The electronic coupling between the Cr-3d and O2- states for 
charge-transfer processes was found smaller in α-Cr2O3 than that between the Fe-3d and O
2- 
states in α-Fe2O3. In the presence of minor defects in the lattice structure, the electrons or 
holes, while hopping between two sites, can be trapped at the defect sites or M sites. This 
brings distortion to its surroundings and forms small polarons in α-M2O3 structure. Lebreau et 
al. [42] studied electronic and magnetic properties for non-defective and defective structures 
of α-Cr2O3. Different point defects, namely, Cr vacancy, Cr Frenkel defect (composed of an 
interstitial Cr atom and a Cr vacancy), and O vacancy were assumed. It has been suggested 
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that Cr vacancy and Cr Frenkel defect can induce extra localized level inside the band gap 
and it results in enhancement of electrical conductivity. The calculations by Iordanova et al. 
[40-41] showed that the reorganization energy of the electrons or holes is independent of the 
electron-spin coupling in α-M2O3 structure. On the other hand, the calculations by Lebreau et 
al. [42] suggested that magnetic moments on surrounding atoms, especially the first nearest 
neighbours, are affected by the defects in α-Cr2O3. α-Fe2O3 is an anisotropic insulator with 
higher magnetic moment (5B per Fe
3+ ion) and α-Cr2O3 is a symmetric insulator with low 
moment (3B  per Cr
3+ ion) [7]. The DFT calculation by Zs. Rak and D. W.Brenner [44] 
suggested vacancy mediated charge transport in α-Cr2O3 and Fe doped α-Cr2O3 systems. Both 
interstitial and vacancy-mediated diffusions are anisotropic with faster diffusion along (001) -
direction. It is pointed out that hopping of charge carriers between two sites in α-Cr2O3 is 
energetically favourable when preferential orientation of the magnetic moment of the initial 
site (spin up state) is opposite to that of the final location (spin down state) due to AFM in-
plane spin order of Cr ions. The migration of electrons from a “spin-up” site to a “spin-down” 
site, thus, involve a spin flip for Cr ions either in-plane or out of plane. This in contrast to 
charge hopping process in α-Fe2O3 structure, where an electron hopping is allowed between 
two Fe sites with parallel spin states and it is energetically favourable only for FM ordered in-
plane Fe ions and non-favourable for AFM ordered inter-planes. Hence, magnetic spin order 
could play a significant role in the electrical properties of Cr doped α-Fe2O3 system. The DFT 
calculations showed a correlation of ferrimagnetic (FiM) ordering with reduction of band 
gap, Fe–O d–p orbital hybridization, and AFM type Fe–Cr σ type superexchange interaction 
in case of α-Fe0.40Cr1.60O2.92 nano-structured system [29]. A first-principle study by Wang et 
al. [43] showed band gap reduction in the range of (Fe1−x Crx)2O3 solid solutions, which cover 
our Cr doped system. The band gap reduction was attributed to the onset of Cr →Fe d−d 
excitations and broadening of the valence band due to hybridization of O 2p states with Fe 
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and Cr 3d states. The interactions between Fe(3d5) and Cr (3d3) ions take into account the 
relative concentration, spatial distribution of Fe and Cr ions and electronic structure in the 
solid solution. Especially, sitting of the Cr t2g states at the top of valence band (VBM) during 
initial increase of the Cr concentration makes the VBM energetically higher than that in pure 
α-Fe2O3 or α-Cr2O3. According to this calculation, modified magnetic spin order in the Cr 
doped α-Fe2O3 system depending on the spatial arrangement of Fe and Cr atoms can affect 
the electronic properties. We believe the decrease of inter-ionic distance by increasing the Cr 
content in α-Fe2O3 plays a major role for the enhancement of charge hopping process and 
enhancement of the d-shell electron spin coupling within the metal ions (Fe/Cr) pairs.  
4. Conclusions 
We studied structure, magnetic properties, and electrical conductivity in Cr doped -
Fe2O3 system. Magnetic properties in the as-alloyed samples are affected by magnetic 
heterogeneity at the interfaces of -Fe2O3 and α-Cr2O3 phases. The soft ferromagnetic nature 
in as-alloyed samples is completely different from the parent -Fe2O3 and α-Cr2O3 oxides. 
The as-alloyed samples indicated signature of two Morin transitions, which is suppressed in 
heat treated samples, especially at higher Cr content. It is attributed to modified magnetic 
spin structure and reduction of anisotropy in Fe2-xCrxO3 system. A local distortion in lattice 
structure and its coupling with spin order introduce first order magnetic phase for the samples 
with higher Cr content. Magnetic field sensitive spin-flipping process of Cr ions is prominent 
in the CAFM state of heat treat samples. The bulk magnetization in the material decreased on 
increasing the Cr content, where as the long range spin order at the Fe sites (form Mössbauer 
spectroscopy) is not much affected by Cr doping. The electrical conductivity in Fe2-xCrxO3 
system is well explained by small polaron hopping of charge carriers. There is a possibility of 
fractional (0 ≤ δ ≤ 1) charge transfer between trivalent Fe (Fe(3-δ)+Fe(3+δ)+) and Cr (Cr(3+δ)+ 
 Cr(3-δ)+) ions through Fe3+-O2- -Fe3+, Cr3+-O2- -Cr3+ and Fe3+-O2-- Cr3+ superexchange 
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paths. The enhancement of electrical conductivity on increasing Cr content in the material is 
associated with band gap reduction, where lattice defects, spatial arrangement of Fe and Cr 
ions, the hybridization of O 2p states with Fe and Cr 3d states, and coupling between Fe(3d5) 
and Cr (3d3) ions can play a significant role.  
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Figure captions 
Fig. 1 Refined SXRD patterns of as-alloyed samples of Fe2-xCrxO3 (x=0.2-0.8) compositions. 
Fig.2 Refined SXRD patterns of the 1000 0C heated samples of Fe2-xCrxO3 (x=0.2-0.8). 
Fig.3 Raman spectra with peak profiles fitted using Lorentzian shape for the as-alloyed 
samples (a-c) and the samples heated at 1000 0C (d-f). 
Fig. 4 ZFC(T) and FC(T) curves at 100 Oe (a-e). Normalized ZFC(T) and FC(T) curves  
(f-g), difference (DM) between FC and ZFC curves (h), and their derivative curves (i). 
Fig. 5 MZFC(T) and MFC(T) curves at 100 Oe (a-e) and normalized MZFC curves  
at different magnetic fields for two samples (f, g). The kink is marked by arrows. 
Fig.6. M(H) curves of the as-alloyed samples at different temperatures (a-e). Insets clarify 
loops at 10 K and 300 K, and irrversibility effect at 10 K. The shift of FC loops with 
respect to ZFC loops (f-h).  
Fig. 7 Comparative M(H) loops at 10 K (a), 300 K (b) and 200 K (c) for the as-alloyed (ASP) 
and heated at 800 0C (A8h12), 1000 0C (A10h12) samples. The ZFC and FC loops at 10 
K are compared for A10h12 sample (d). 
Fig. 8 Comparative plots of the temperature dependence of field (HC and Hexb
ZFC(a-c))  
and magnetization (MR and Mexb
ZFC (d-f)) parameters for the as-alloyed (ASP) and heated  
(at 800 0C (A8h12), 1000 0C (A10h12)) samples. 
Fig. 9 The M(H) loop at 300 K for different samples (a-e). The initial M(H) curves at 10 K (f-
j) and corresponding first order derivative (blue curves) for different samples. The M2 
vs. H/M curves based on initial M(H) curves of the samples at 10 K (f-j). 
Fig. 10. Variation of HC and MR with Cr content in the as-alloyed (ASP) samples (a-b) and in 
the  heat treated (A10) samples (c-d) at different measurement temperatures. The 
temperature dependence of MS (e) and Hsf (f) for the A10 samples. 
Fig. 11 Room temperature Mössbauer spectra for the as-allyoed samples (a-c) and the  
            samples heated at 1000 0C (d-h). The lines indicate components of fit data. 
Fig.12 Electric field dependence of dc current density for different samples (a) and dc    
           electrical conductivity calculated at selected electric fields (b). 
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Table 1. The structural parameters from Rietveld refinement of the two-phased SXRD 
patterns of as- alloyed samples. 
 
Table 2. The structural parameters from Rietveld refinement of the single phased 
SXRD patterns of the samples heated at 1000 ºC.  
samples Atom x y z a (Å) c (Å) c/a V(Å)3 Grain size 
FeCr2MA10 
Fe 0 0 0.3545(3) 5.0394 13.7407(4) 2.727 302.28 35 nm 
O 0.3081(6) 0 0.2500 
FeCr4MA10 
Fe 0 0 0.3542(3) 5.0284 13.6926(7) 2.723 299.82 33 nm 
O 0.3053(3) 0 0.2500 
FeCr5MA10 
Fe 0 0 0.3535(7) 5.02(6) 13.6817 (2) 2.725 299.06 30 nm 
O 0.3024(6) 0 0.2500 
FeCr6MA10 
Fe 0 0 0.3535(4) 5.0121 13.6371 (2) 2.721 296.72 34 nm 
O 0.3060(4) 0 0.2500 
FeCr8MA10 
Fe 0 0 0.3528(4) 5.0047 13.6105 (5) 2.719 295.23 34 nm 
O 0.3054(4) 0 0.2500 
Sample Atom Position Unit cell Parameters Phase (%) 
x y z a (Å) c (Å) V(Å)3  
FeCr2MA 
(Mixed 
Phase) 
Fe 0 0 0.3539(5) 5.0384 13.7686 302.70 88.87 
O 0.3169(6) 0 0.25 
Cr 0 0 0.3492(3) 4.9641 13.5970 290.17 11.13 
O 0.295(2) 0 0.25 
FeCr4MA 
(Mixed 
Phase) 
Fe 0 0 0.3538(6) 5.0351 13.7648 302.22 73.26 
O 0.3174(6) 0 0.025 
Cr 0 0 0.3472(5) 4.9609 13.6025 289.92 26.74 
O 0.3097(9) 0 0.25 
FeCr5MA 
(Mixed 
Phase) 
Fe 0 0 0.3541(5) 5.0168 13.7171 298.99 71.63 
O 0.3159(6) 0 0.25 
Cr 0 0 0.3479(1) 4.9396 13.5401 286.11 28.37 
O 0.3060(10) 0 0.25 
FeCr6MA 
(Mixed 
Phase) 
Fe 0 0 0.3537(8) 5.0171 13.7162 299.01 77.69 
O 0.3143(9) 0 0.25 
Cr 0 0 0.3468(2) 4.9456 13.5626 287.29 22.31 
O 0.3083(15) 0 0.25 
FeCr8MA 
(Mixed 
Phase) 
Fe 0 0 0.3513(8) 5.0149 13.7292 299.02 60.32 
O 0.3157(12) 0 0.25 
Cr 0 0 0.3472(1) 4.9455 13.5611 287.24 39.68 
O 0.3089(8) 0 0.2500 
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Table 3.  The band positions in Raman spectra for the samples heated at 1000 ºC of  
Fe2-xCrxO3  system. 
 
Cr (x) Eg(1) (cm
-1) Eg(3) (cm
-1) Eg(4) (cm
-1) A1g(2) (cm
-1) Eg(5)  (cm
-1) Eu  (cm
-1) 
0.2 242.05±0.45 301.50±0.34 423.20±0.83 515.07±0.29 610.00±0.32 670.58±0.22 
0.5 236.13±0.60 296.85±0.22 418.10±0.33 509.10±0.24 611.30±0.26 666.90±0.26 
0.8 231.40±0.05 296.50±0.06 420.81±0.63 503.60±0.12 612.45±0.12 663.09±0.18 
Table 4. The line parameter values from fit of the room temperature Mössbauer spectra 
for as-alloyed (ASP) and 1000 ºC heated (A10) samples of Fe2-xCrxO3  system. 
Sample name Sextet 
component 
FWHM 
(mm/s) 
IS (mm/s) QS (mm/s) Bhf (T) Relative area 
(%) 
χ 2 
FeCr2MA 1 sextet 0.440.02 0.370.05 -0.190.01 51.110.50 57.700.05 1.78 
2 sextet 0.420.08 0.370.09 -0.18 0.03 47.980.10 42.230.04 
FeCr4MA 1 sextet 0.470.02 0.370.01 -0.180.02 51.040.06 50.610.05 1.35 
2 sextet 0.510.02 0.38 0.06 -0.25 0.03 46.640.12 49.390.01 
FeCr8MA 1 sextet 0.440.03 0.38 0.01 -0.230.01 51.070.07 46.200.37 4.10 
2 sextet 0.49 0.06 0.37 0.01 -0.240.01 46.700.02 53.010.31 
FeCr2MA10 1 sextet 0.490.06 0.360.02 -0.190.01 48.250.02 1000.06 1.56 
FeCr4MA10 1 sextet 0.450.02 0.370.02 -0.240.01 50.540.07 82.720.08 0.98 
2 sextet 0.340.08 0.400.01 -0.200.04 48.910.21 17.280.02 
FeCr5MA10 1 sextet 0.440.02 0.360.01 -0.220.01 50.760.08 53.960.09 1.05 
2 sextet 0.500.03 0.380.01 -0.210.01 48.920.13 46.040.07 
FeCr6MA10 1 sextet 0.490.02 0.370.01 -0.220.01 50.000.03 59.500.23 2.40 
2 sextet 0.560.01 0.370.03 -0.200.01 47.980.06 40.510.14 
 
FeCr8MA10 
 
1 sextet 0.390.01 0.36 0.01 -0.230.01 51.450.01 64.400.20 1.43 
2 sextet 0.440.04 0.360.01 - 50.440.13 35.600.01 
 
        


	








fffifl ffi  !ff" # $%& '()) *"+ ,! (+-(..,/ # +(0'. + ,!  
123
45
6
7
8
9:;<=>?<=@A
BCDECFGHGCIFJ
K
LM
NOPQ
R
STU
VWXY
Z
[
\]^_
`abc dece
fgh ijhj
klmmnonpqn rnstu vpk mluw
xyz{{ |}~}




Ł








 
¡¢
£
¤
¥¦§¨
©
ª
«
¬
ª
­
®
«
¯
°
±
²
³
´
µ
ª
®
«
¶
·¸ ¹º»¼½
¾¿À ÁÂÃÄÅÆÇ
ÈÉÊ ËÌÍÎÏÐÑ
ÒÓÔ ÕÖ×ØÙÚÛ
ÜÝÞ ßàáâãäå
æçè éçêëìíî
ï
ðñ
òóôõ
ö
÷øù
úûüý
þ
ß
 
        
 	

 
 fffifi
flffi ! "# $ %& '"fl ffi()
*+,-- ./0121/3
4
56
789:
;
<=>
?@AB
C
D
EFGH
I
JK
LMNO
P
QRS
TUVW
X
Y
Z[\]
^
_`
abcd
e
fgh
ijkl
m
n
opqr
s
tu
vwxy
z{
|}
~




Ł







  ¡¢£¤¥¦§¨
©ª« ¬­®¯°±²³´
µ
¶
·
¸
¶
¹
º
·
»
¼
½
¾
¿
À
Á
¶
º
·
Â
ÃÄ ÅÆÇÈÉ
ÊËÌÍÎ ÏÐÑËÒÐÓ ÔÕÏÖ ×ØÙÙÐÚÒÛ ÜÑ ÙÝÐ Þßßß
à
á âãäåãæ çäèéêãç ëì íã
îïð
ñò
ó
ôõ ö÷øùúûüùúýþú
ß   	

 
    
   	


fffiflffi
 !!"# #$!$
%&' ()*+,-./0
1
2
3
4
2
5
6
3
7
8
9
:
;
<
=
2
6
3
>
?@A@B CDEFG HIA
JK
L
M
N
OPQ
R
S
TUV
W
X
YZ[
\
]^
_`a
b
c
def
g
h
ijklmnjonp
qrstu vwxwy z{|}~w r~ {|w {r|z r~~| zrys |y~rwy zw{|  ~| wzŁ
        

  ¡¢£¤
¥¦§ ¨¦©ª«¬­®¯
°±² ³´µ¶·¸¹º»
¼
½
¾¿À
Á
Â
ÃÄÅ
Æ
Ç
ÈÉÊ
Ë
ÌÍ
ÎÏÐ
Ñ
Ò
ÓÔÕ
Ö
×
ØÙÚÛÜÝÙÞÝß
àáâ ãäåæçèé
ê
ë
ìíî ïðñòóôõ
ö
÷
ø
ù
úûü ýþß 
 	
 


 





	

 
 

 
 

 
 

 








ff
fi
fl ffifl flfl ffifl  flfl  ffifl !flfl !ffifl
"#$%
&'()
*+,-
./.
012
345
678
9:;
<=>
?@
ABB CD
EFG HIJKLMN
OPQR S TOUVWX YZ[ OUVWX \]^_`a Yb cdd e` VYf`XR gh^iYjPk`[ TOUVWX YZ[ OUVWX \]^_`a
lmnopq rsmmtutvwt lxyz {|}~||    | Łz  }| |}| | Łz
 











 
¡
¡
¢

£ ¤¥¦
§ ¨©ª
«
¬
­
®
¯
°
±
²
³
´
µ
¶
·¸¹ º»¼½¾¿À
ÁÂÃ ÄÅÆÇÈÉÊ
ËÌÍ ÎÌÏÐÑÒÓ
ÔÕÖ ×ØÙ ÚÛÜÝÞß
àáâ ãä åæçèéê
ë
ì
í
î
ï
ð
ñ
ò
ó
ô
õ
ö
÷
ø
ù
ú
û
ü
ý
þß 
	



fffiflffi 
!
"
#
"
$
%
&
"
'
$
%
(
)
*
+
,
-
.
/
0
1
2
345 67849:;497 <=
>
? @ABCDE
FGH IJKL MNOPQR
S
T
U
V
W
X
Y
Z
[\]^_`a
bcdefgh
ijklmno
pqrstuv
wxyz{|}
          

	





ff
fiflffi
 !
"#$
% &%% '%% (%%
)*+
,-.
/ 0// 1// 2//
345
678
9 :99 ;99 <99
=>?
@AB
CDE
FGH IJKLMNOPQ
R
S
T
U
V
W
X
Y
R
S
T
U
V
Z
[
\
]
X
^ _`a
bcc de
fgg hi
j klm
n opq
rst
uv
wxx yz
{|} ~
 Ł
 
 ¡ ¢£¤¥¦§¨©ª
«
¬
­
®
¯
°
±
²
³
´
µ
¶
·
¸
¹
º
»
¼
½
¾
¿
À
Á
Â
Ã
Ä
Å ÆÇÈ
ÉÊË ÌÊÍÎÏÐÑÒÓ
Ô ÕÖ×
ØÙÚ ÛÜÝÞßàáâã
ä åæç
èéé êë ì íîï
ð ñòó ôõ ö÷ø
ùú ûüý þß  
  	
  
     ff  fiflffi 	
 
 ! "#$$%&%'! ( )'%!#* $#%+", $-& !.- , (/+%, 0$1 )23 45% 6#'6 #, ( &6%" 78  &&-.,3
 





	





      



 ff fi  fi ff 
flffi

 
!"
#
$
%&
'(
)
*
+
,- ,. / . -
01
2
3
4 54 64 74
8 98 :8 ;8
< =< >< ?<
@ A@ B@ C@
D ED FD GD
HIJ KLMNOPQ
R
S
T
U
V
W
X
Y
Z[\ ]^_`abc
def ghijklm
no p
qr s
tuu v
wxy z
{|| }
~ 
 
 
Ł 
 
  ¡
¢ £¤¥¦§
¨©©ª
«¬­
®¯° ±²³´µ¶·
¸¹º»¼½ ¾
¿ÀÁÂÃ Ä
ÅÆÇ ÈÉÊËÌÍÎ
Ï
Ð
Ñ
Ò
Ó
Ô
Õ
Ö
×ØÙÚÛÚ ÜÝÞß àáâãäå æç èéä êåëêììæíäî åêïðìäå êè îØççäâäñè èäïðäâêèáâäå ÝêëäßÚ òñåäèå
óôõö÷øù ôúúûü õý þß   õ ßß   õ ÷öööü÷÷ô÷ýù øøóý õý þß   	
 ü
÷øý úø  ôúúûü
     fffiflffi
 !" #$%&'()
* +,-./
      

	
		

      





fffifl ffffifl fffl fl fl ffifl fifl
 !
"
#
$%
&'
(
)
*
+,-. / 01234546,78 9:;< =113> 46 ?@ A :4<B C@@ A :D< 4EF G@@ A :H< I15 6J8 4>K4==1L8F
MNOPQ RST UVRWVT RW XYY
Z
[ \]^_`abc `ddd
e
f ghijkilm nopqrsnt uks vwf oxy wf
z{{|} ~   ~ {|~ { Ł }~|z 
















 
¡¢£
¤¥¦ §¨ ©
ª «¬­ ®¯°±
² ³´µ ¶·¸¹
º»¼ ½¾¾ ¿
À ÁÂÃ ÄÅÆÇ
ÈÉÊ ËÌÍÍ ÎÏ
ÐÑÒÓÔ
ÕÖ×ØÖÙ
ÚÛÜÝÞ
ßàá âãã ä
åæçèæé
ê
ë
ì
í
î
ï
ð
ñ
ò
ó
ô
õ
ö
÷
ø
ù
úûü
ýþß 

	 
 
   


	








ff
fiflfiffi
 !
"#"$
% &%% '%% (%%
)*
+
,
-
.
/
0 100 200 300
4544
6768
9:9;
<=<>
?
@AB
CDE
F
G
HIJ KLM
N
OPQ
RST
UVW XYZ
[
\
]
^
^
_
`
a
b
cde
fgh
i
j
k
lmn
opq
r
s
t
u
v
w
x
y
z{|}~ 








Ł

















  ¡¢£
¤¥¦§ ¨ ©ª«¬­®­¯¥°± ¬²ª¯³ ª´ ¯µ± ¯±«¬±®­¯¶®± ·±¬±¸·±¸¹± ª´ ´¥±²· º»
¼
½¾¿ À
ÁÂÃ
ÄÅÆ
ÇÈÉÊËË
ÌÍÎ ÏÌÐÍÑÒÓÔÌÒÓÕÍ Ö×
Ø
ÙÚÛ Ü
ÝÞß
àáâ
ãäåæçç èéêéëìíìêî æïê íðì éîåéññïòìä ãóôõç éöä ðìéíìä
÷øù úûû
ü
ý þß  

 	
 


fffifl
ffi

 
!
"
#
$
%
& '()
*+,-+. /01
2
3
4
567
89:
; <=>
?@AB@C DEF
?? ?? ??? ??
?
??
??
??
??? ?
??
??
??
???
???????
??
???
???????
??
???
???????
??
???
???????
????
???
???
?
??
??
???
???????
??
??
??
??
??
?
??
????
???
???
??
?
???
???
???
??
??
???
???
???
??
??
????
???
???
??
?
????
???
???
??
?
??????????
??
???
??
?
?? ?
?
? ?
?
?
?
?
?
?
???
??
???
?
?
??
???
???
???
???
??
?
???
??
?
?
?
???
?
?
?
?
?
?
?
?
???
???
???
??
??
??
????
??
????
??
?
??
?
????????
?
?
?
???
???
???
??
??
??????????
?
?
?
???
???
???
??
??
?
????
???
???
??
?
?
?
??
??
????
????
??
?
?
???
???
???
??
??
?
?
?
??
???
??
???
??
?
?
?
?
?
???
???
???
??
??
?
?
?
?
???
???
???
??
??
?
?
?
???
???
???
??
??
?
?
???
???
???
???
??
????
??
???
???
???
???
???
????
???
???
??
???
???
???
????
??
???
????
???
??
???
???
??
???
???
???
????
???
??
???
???
??
??
???
???
???
???
???
??
??
???
???
??
???
???
???
???
???
???
???
???
???
???
??
???
???
??
???
? ??
???
???
???
???
???
??
??
???
???
????
???
??
???
???
??
???
???
???
??
???
???
???
???
????
????
?
?
???
???
???
??
??
?
?
???
???
???
???
??? ?
?
???
???
???
???
???? ?
??
???
???
???
???
??????
???
?
???
?
???
?
???
?
???
???
???
???
???
???
???
????????
?
??
?
??
?
??
??
??????
???
???
???
??
???
???
???
???
???
??
??
???
???
???
???
???
???
???
???
???
???
???
??
???
??
???
??
???
???
???
???
??
???
???
???
??
???
???
???
???
??
???
??
??
???
???
???
???
???
???
???
???
??
??
???
??
????
??
???
???
??
???
??
???
??
???
???
???
??
??
??
??
???
???
????
???
??
?? ?
????
????
????
???
??
?
??
??
???
?
?????? ???
?
???
??
???
?
???
???
?
??
?
??????
?
???
??
???
??
???
???
???
???
???
???
???
???
???
???
???
?
??
?
????????
?
??
?
????????
???
???
???
??
?
?
???
???
??
? ?
?
? ???
?
??
???
??
???
??
???
??
???
???
???
???
????
?
??
?
????????
???
???
???
????
?
?????
?
??
???
??
???
??
?
????
????
????
???
??
???
??
???
???
???
???
???
???
???
???
???
???
      
    
	
 
 fffi
flffi  !"#$% 
&
'
(
)
*
+
,
-
.
/
-
-
/
0
,
1
+
*
2
3
4
,
/
5
6
789: ;<:<
=>??@A AB?B
C DEFGEG
H IJKLJL
MNOPQRST UVVWXY
Z[\]^_`a bccdef
g
h
i
j
k
l
m
n
o
p
n
n
p
q
m
r
l
k
s
t
u
m
p
v
w
xyz {y|}~
  Ł Ł      Ł   
 ¡¢£¤ ¥¤ ¦¤§  ¦ ¨©©©
ª
« ¬­®¯°± ²¯³ ´µ¶³· µ¶­µ¸¹º³ ¸»¼½»¶³¶º· »¾ ¾µº ­¹º¹±
¿ÀÁ ÂÃÄÅÆÇÈÉÊ
ËÌÍ ÎÏÐÑÒÓÔÕÖ
×ØÙ ÚÛÜÝÞßàáâ
ãäå æçèéêëì
íîï ðñòóôõö
÷øù úûüýþß 
       



	

 
   





  
fffifl
ffiffi 
!"#
$
%&
'
(
)
*
+
,
-
*
.
(
*
/
0
1
2
*
+
-
3
-
+
4
5
6
7
8
9
:
;
<
=
>
?
@
AB CDEFGEF HIJ KE LG
MNO
PQ
R
S
T
UV WXYZ
[\\ ]^_`
abc defg
hij
klmnop qrstuvlt wlsrx xsyszxszts {w xt t|vvszu xsz}lu~ w{v xlwwsvszu }yrs} 
  Ł     Ł  














 
¡
¢
£
¤
¥
¦§§¨©ª« ª¨ª¬­®©¬ ¯©ª¨« °±² ³´µ¶·
¸¹º»¼½¾¿À
ÁÂÃÄÅÆÇÈÉ
ÊËÌÍÎÏÐÑÒ
ÓÔÕÖ×ØÙÚÛ
ÜÝÞ
ß
à
á
â
ã
ä
å
æ
ç
è
é
ê
ë
ì
í
è
î
ïðñòóôõò öõñð÷ øùú ûüýþß
 
	


fffiflffi !"#
